Coenzyme Q10 (CoQ10) is a popular food supplement. Earlier, we successfully produced CoQ10 in rice, which normally produces predominately CoQ9. Here we developed efficient production of CoQ10 in rice by introducing the gene for decaprenyl diphosphate synthase into rice sugary and shrunken mutants. These rices produced 1.3 to 1.6 times as much CoQ10 as the earlier enriched rice did.
Coenzyme Q (CoQ) is an essential component of the respiratory chain, and is a lipid-soluble antioxidant. It consists of a benzoquinone frame with an isoprenoid side chain. The length of the side chain varies depending on the organism. 1) Humans produce mainly CoQ10, with 10 isoprene units, whereas most cereal crops produce mainly CoQ9, with 9 isoprene units. 2) CoQ10 is sold commercially as a food supplement and is used in cosmetics.
Using the rice (Oryza sativa L.) cultivar Nipponbare, we have produced CoQ10-enriched rice plants by introducing the gene encoding decaprenyl diphosphate synthase (DdsA), the enzyme responsible for the synthesis of 10 isoprene units for the CoQ side chain, isolated from Gluconobacter suboxydans.
3) To localize DdsA to the mitochondria, a DNA sequence encoding rice S14 mitochondria-targeting signal was ligated inframe upstream of the full-length ddsA gene, and the modified ddsA gene was placed between a CaMV35S promoter and a NOS terminator.
4) The resulting gene construct S14:ddsA was used in the transformation of rice. These Nipponbare-type S14:ddsA rice plants (N-S14:ddsA plants) mainly accumulated CoQ10 instead of CoQ9, and the seed CoQ10 content of the N-S14:ddsA plants reached about 10 times that in the wild-type rice. 4) We first reported about 18 mg/g of seed CoQ10 content in several N-S14:ddsA plants, 4) but further analysis strongly suggested an overestimation of that value, presumably due to the use of an inappropriate CoQ extraction method (the old method). For more accurate and smaller-scale measurement of CoQ content, we developed a new CoQ extraction method, and found that the highest seed CoQ10 content in N-S14:ddsA plants was about 12 mg/g.
5)
CoQ preferentially accumulates in the bran and germ of rice. 5) To further increase the seed CoQ10 content, we produced CoQ10-enriched rice plants by introducing the S14:ddsA construct into two rice lines with giant embryos, Haiibuki and Chukei-toku 70. The seed CoQ10 content per weight of the Haiibuki-type and the Chukei-toku 70-type S14:ddsA plants increased up to 1.4 and 1.8 times respectively, of that in the Nipponbare-type CoQ10-enriched rice plants. 5) Here we tried to develop transgenic rice plants with still higher seed CoQ10 contents. The fact that CoQ is preferentially localized in the bran and germ suggests that rice lines with smaller endosperm (and consequently, with a larger weight ratio of bran and germ) might be suitable materials to increase the seed CoQ content per weight. Such rice lines have been generated by N-methyl-N-nitrosourea treatment of rice (cultivar Kinmaze).
6) Among these lines there are two mutants, sugary (mutant line EM5) and shrunken (mutant line EM22), that are deficient in starch biosynthesis and have a wrinkled seed. In both mutants, both the starch content (per dry weight) and the dry weight of mature seed are much less than in the wild type. 7) In this study, we produced sugary-and shrunken-type CoQ10-enriched rice plants.
The weight and CoQ9 and CoQ10 contents of the brown rice were measured in Nipponbare, sugary, and shrunken ( Fig. 1) . CoQ was extracted according to the new method described previously.
5) The extracted CoQ was analyzed by HPLC (LC-20A, Shimadzu, Kyoto; column, CAPCELL PAK C8 UG120, Shiseido Fine Chemicals, Tokyo, 4:6 mm i.d. Â 250 mm; methanol: acetonitrile 4:1 v/v; 40 C; 1 ml/min; 275-nm wavelength with a SPD-20A UV/VIS detector, Shimadzu). The seed weights of sugary and shrunken were about 2/3 and 1/2 that of Nipponbare respectively (Fig. 1A) . In all three kinds of rice seed, mainly CoQ9 was accumulated. The seed CoQ9 contents of sugary and y To whom correspondence should be addressed. Fax: +81-298-38-8360; E-mail:sakiko@affrc.go.jp Abbreviations: CoQ, coenzyme Q; DdsA, decaprenyl diphosphate synthase shrunken were 3.4 times and 3.2 times respectively that of Nipponbare (Fig. 1B) . The seed CoQ9 contents of Haiibuki and Chukei-toku 70, the rice lines with giant embryos used in our former study, were 6:6 AE 0:4 and 9:5 AE 2:3 mg/g respectively.
5) The seed CoQ9 contents of sugary and shrunken were slightly (1.2 and 1.1 times respectively) higher than that of Chukei-toku 70. The high seed CoQ9 content in sugary and shrunken suggested that it would be worthwhile to use sugary and shrunken to produce CoQ10-enriched rice plants.
Chimeric gene construct S14:ddsA 4) was introduced into sugary and shrunken by Agrobacterium-mediated transformation by the method of Toki. 8) Transgenic rice plants were selected on medium containing hygromycin (50 mg/l), and ddsA gene integration was confirmed by PCR amplification (data not shown). Fourteen sugarytype S14:ddsA (Sug-S14:ddsA) and 18 shrunken-type S14:ddsA (Shr-S14:ddsA) plants were obtained. They were transplanted into soil and subsequently grown in a naturally illuminated greenhouse at 27 C. Ten Sug-S14:ddsA plants and 4 Shr-S14:ddsA plants were fully fertile and were selected for further analysis. Accumulation of DdsA protein was checked in the T 1 seed (Fig. 2A) . Soluble proteins were extracted from the T 1 seed carrying ddsA (confirmed by PCR analysis, data not shown) and from the seeds of wild-type plants with 20 ml of extraction buffer per mg seed, as described previously.
4) The proteins were subjected to Western blot analysis with anti-DdsA antiserum. 4) DdsA protein was detected in all ddsA-positive T 1 seeds of the Sug-S14:ddsA and Shr-S14:ddsA plants analyzed (Fig. 2A) .
We also measured the CoQ10 content of the T 1 seeds of two N-S14:ddsA plants (those with the highest CoQ10 production in our former study), 5) five Sug-S14:ddsA plants (those with the highest CoQ10 production), and four Shr-S14:ddsA plants (Fig. 2B) . As with the Western blot analysis, the presence of ddsA in each T 1 seed was checked by PCR amplification (data not shown), and the seeds carrying ddsA were analyzed for CoQ. In all the ddsA-positive T 1 seeds, mainly CoQ10 was accumulated. The average seed CoQ10 content of each transgenic plant was calculated. For N-S14:ddsA #73 and #83, we have reported that the seed CoQ10 contents of these plants were 12:2 AE 0:3 and 10:2 AE 2:2 mg/g respectively, 5 ) and here we obtained very similar results (9:0 AE 4:5 mg/g for N-S14:ddsA #73 and 9:3 AE 1:5 mg/g for N-S14:ddsA #83). Plants Sug-S14:ddsA #17 and Shr-S14:ddsA #6 showed the highest seed CoQ10 contents, at 34:5 AE 15:3 and 28:1 AE 14:3 mg/g respectively. Assuming that the highest seed CoQ10 content of N-S14:ddsA is 12 mg/g, the highest seed CoQ10 contents of Sug-S14:ddsA and Shr-S14:ddsA were, respectively, 2.9 and 2.3 times those of N-S14:ddsA. The highest seed CoQ10 contents of the two giant embryo line-type CoQ10-enriched rice plants were 16:8 AE 4:5 (Haiibuki-type) and 22:1 AE 8:3 mg/g (Chukei-toku 70-type). 5) Thus the highest seed CoQ10 contents of the Sug-S14:ddsA #17 and Shr-S14:ddsA #6 plants were, respectively, 1.6 and 1.3 times that of the Chukei-toku 70-type CoQ10-enriched rice plants. Although selection of ddsA-homozygous T 1 plants and analysis of the T 2 seed from homozygous plants are required for accurate evaluation of Sug-S14:ddsA and Shr-S14:ddsA plants, the results obtained here indicate that the use of sugary and shrunken mutants should be effective in increasing seed CoQ10 content per weight.
CoQ10-enriched rice can be used as food. Because CoQ preferentially accumulates in the bran and germ of rice, CoQ10-enriched rice should be eaten as brown rice or partly milled rice, retaining the embryo. In Japan, when CoQ10 is used as a drug, 30 mg/d intake is prescribed. The optimal intake of CoQ10 for use as a food supplement remains to be determined, and in principle a CoQ10 intake of less than 30 mg/d is to be recommended. Hence we have set a target value for CoQ10 intake from CoQ10-enriched rice seed of 20 to 30 mg/d. 5) The average dietary intake of rice by Japanese people is 167 g/d. 9) If one eats Sug-S14:ddsA #17 brown rice, which produced 34.5 mg/g CoQ10, one will take in an average of 5.8 mg CoQ10/d from this source. This amount is lower than the target value, however, because CoQ10 is included in many other foods such as meat, and hence it is not necessary to get all of it from rice. We conclude that CoQ10 production in rice has reached a level that is meaningful for commercial production.
CoQ10-enriched rice plants can be used as raw materials for CoQ10. In industrial CoQ production, fermentation production of CoQ10 from photosynthetic bacteria and yeasts is widely used, 10) and a maximum CoQ10 content of 458 mg/l culture (¼ 458 mg/ml, % 1 g culture) under plant-scale conditions has been achieved using Agrobacterium.
11) Although the CoQ10 content of CoQ10-enriched rice is much lower than that of Agrobacterium culture, CoQ10 production using rice has multiple potential advantages. After official approval, CoQ10-enriched rice can be eaten as food and can be grown in the same way as ordinary rice, and hence there is no need for high-level purification, and the cost of large-scale production is comparatively low.
In summary, we produced sugary-and shrunken-type CoQ10-enriched rice plants to further increase the seed CoQ10 content. The seed CoQ10 content per weight increased to up to 1.6 (sugary-type) and 1.3 (shrunkentype) times that in the seed of the giant embryo line-type CoQ10-enriched rice plants produced in our previous study, indicating that the use of these mutant rice lines should be effective in increasing the seed CoQ10 content. Although the use of sugary and shrunken mutants might be restricted by the wrinkled shape and presumably poor taste of their seeds, our results indicate that these mutants are promising host lines for the development of practical CoQ10-enriched rice plants for food and raw materials for CoQ10. Modification of the promoter driving the ddsA gene and the introduction of that modified gene construct into Nipponbare is now in progress. We think that a suitable host cultivar (or line) and an appropriate gene construct should be chosen to improve CoQ10-enriched rice plants further.
